Aims/hypothesis Non-invasive measures of aortic stiffness reflect vascular senescence and predict outcome in diabetes. Glucose-mediated elastic artery sclerosis may play an integral role in the development of macrovascular complications. We used carotid-femoral pulse wave velocity ( cf PWV) to quantify independent associations of fasting glucose, post-challenge glucose and derived insulin resistance (HOMA-IR) with aortic stiffness. Methods cf PWV was measured using a 4 MHz continuous wave Doppler ultrasound probe within groups with newly identified age-and sex-matched normal glucose metabolism (NGM), impaired glucose regulation (IGR) and diabetes mellitus populations (n=570, mean age 59.1, 56% male). Results After multivariate adjustment, IGR and diabetes were associated with significant aortic stiffening compared with NGM (adjusted cf PWV±SE: NGM, 9.15±0.12 m/s; IGR 9.76±0.11 m/s, p<0.001; diabetes, 9.89±0.12 m/s, p< 0.001). IGR stratification indicated that impaired fasting glucose (IFG; 9.71±0.12 m/s) and post-challenge (impaired glucose tolerance; 9.82±0.24 m/s) categories had similar cf PWV (p=0.83). Modelled predictors of cf PWV were used to assess independent metabolic associations with arterial stiffness. Fasting glucose concentration (β=0.10; 95% CI 0.05, 0.18; p=0.003), 2 h post-challenge glucose (β=0.14; 95% CI 0.02, 0.23; p<0.001) and HOMA-IR (β=0.20, 95% CI 0.05, 0.53; p<0.001) were independently related to cf PWV after adjustment for age, sex, mean arterial pressure, heart rate, body mass index, renal function and antihypertensive medication. Conclusions/interpretation IGR characterised by fasting or post-challenge hyperglycaemia is associated with significant vascular stiffening. Post-challenge glucose and HOMA-IR are the most powerful metabolic predictors of arterial stiffness, implying hyperglycaemic excursion and insulin resistance play important roles in the pathogenesis of arteriosclerosis.
Introduction
There is a continuous positive relationship between fasting and post-challenge plasma glucose concentrations and incident cardiovascular events [1] . As the most predictive index of mortality, 2 h plasma glucose following a standard 75 g oral glucose tolerance test (2-HPG) may contribute to the pathogenesis of macrovascular disease more than fasting plasma glucose values (FPG) [2] . Premature conduit vessel arteriosclerosis predicts mortality in type 2 diabetes [3] and may be attenuated by therapeutic approaches with potential to lower glucose or blood pressure directly [4] [5] [6] [7] . The independent association of FPG and 2-HPG indices with the haemodynamic consequence of early sclerosis (aortic stiffness) implies that modifiable structural mechanisms connect hyperglycaemia with vascular complications even within prediabetes thresholds of impaired glucose tolerance (IGT) [8] [9] [10] [11] and impaired fasting glycaemia (IFG) [12, 13] . These relationships are reported individually [11] [12] [13] or as a cumulative effect of the metabolic syndrome. [14] [15] [16] [17] [18] [19] and do not specifically address the relative independent strengths of FPG and 2-HPG associations with measures of arterial stiffness.
Establishing the role of insulin resistance in the pathogenesis of thrombotic vascular disease has renewed significance because recent outcome trials using glucoselowering endpoints have failed to prevent cardiovascular events [20] [21] [22] [23] . Insulin resistance-mediated premature vascular sclerosis independent of direct glucose lowering may be an important early feature of subclinical atherosclerosis [24] [25] [26] [27] .
The aim of this study was to compare baseline independent associations of variables of glucose metabolism, namely FPG and 2-HPG concentrations, insulin resistance (HOMA-IR) and HbA 1c with carotid-femoral pulse wave velocity ( cf PWV), a validated, non-invasive measure of central aortic stiffness [28] . We sought to characterise premature vascular stiffening in glucose disorders outside the diabetes range and compare the independent contributions of glucose indices to this process within a treatment-naive age-and sex-matched population.
Methods

Study population
We chose a well characterised glucose treatment-naive cohort tagged for vascular outcomes. Volunteers were recruited from a population-based screening programme for diabetes mellitus [29, 30] . ADDITIONEurope (Anglo-Danish-Dutch Trial of Intensive Treatment in Screen-Detected Diabetes) is a prospective intervention trial of multifactorial cardiovascular risk management in people with screen-detected type 2 diabetes with a primary endpoint of 5 year macrovascular events [31] . As one of the UK arms, ADDITION-Leicester [29, 30] cf PWV measurements Two operators (DRW and RS) blinded to glucose status performed all arterial measurements within a single-site research facility at a university teaching hospital. A standard protocol ensured participants were fasted and rested supine prior to cf PWV assessment. Baseline supine brachial artery BP and heart rate (HR) were recorded using a semi-automated oscillometric device (OmronM7, Omron Healthcare, Milton Keynes, UK [Distributor, Medisave (UK) Ltd]). After 10 min rest, these variables were reassessed every 5 min. cf PWV measurements were taken when haemodynamic stability was achieved (defined as two readings within systolic BP of ±9 mmHg, diastolic BP ±6 mmHg and HR ±8 beats/min [32] . BP and HR concordance was ensured prior to subsequent cf PWV measurements. Subjects were supine whilst cf PWV was measured using a 4 MHz continuouswave Doppler ultrasound probe (Pulse Trace PT4000; Cardinal Health [formerly known as MicroMedical, Basingstoke, UK]). The cutaneous distance between the site of the femoral pulsation and the sternal notch was repeatedly measured and entered into the device according to manufacturer's instructions [33] . The origin of the pulse waveform was gated to the R-wave of an attached ECG as a timing reference. This enabled quick identification of grossly irregular cardiac rhythms likely to interfere with waveform capture. After archiving a minimum of three 10 s continuous waveforms, data were processed using established software and mean cf PWV was calculated. Captured sequences with waveform cf PWV variation greater than 5% were rejected in line with the manufacturer's recommendations [33] . cf PWV was calculated by dividing the measured surface difference by the respective ECG-derived transit time.
Biomedical measurements Glucose status was determined as fasting and post-challenge (120 min) plasma levels according to WHO criteria [34] . Newly diagnosed type 2 diabetes mellitus (DM) was defined as either fasting glucose ≥7.0 mmol/l or post-challenge glucose ≥11.1 mmol/l on two occasions at least 48 h apart. Impaired fasting glycaemia (IFG) was defined as a single fasting glucose concentration between 6.1 and 6.9 mmol/l and post-challenge glucose ≤7.8 mmol/l. Impaired glucose tolerance (IGT) was defined as a single post-challenge glucose concentration between 7.8 and 11.0 mmol/l and fasting glucose ≤6.0 mmol/l. As the aim of the study was to characterise the independent effects of fasting and postchallenge glucose concentrations on cf PWV, participants with combined intermediate glucose levels (i.e. fasting 6.1-6.9 mmol/l and post-challenge 7.8-11.1 mmol/l) were categorised separately within an IFG/IGT term. Impaired glucose regulation (IGR) was a convenient composite incorporating any defined hyperglycaemia outside the diabetes range (i.e. IFG, IGT and combination IFG/IGT categories). Normal fasting and post-challenge glucose levels were defined by the normal glucose metabolism (NGM) term. Glucose was analysed by the hexokinase method (NADPH production at 340 nm) using an Abbott Aeroset system (Abbott laboratories, Maidenhead, UK) and HbA 1c (%) was determined using the Diabetes Control and Complications Trial (DCCT)-aligned Bio-Rad Variant II HPLC system (Bio-Rad laboratories, Hemel Hempstead, UK). Quantitative analysis of serum insulin was carried out by time-resolved fluoroimmunoassay (AutoDelfia 1235; Perkin Elmer LAS, Beaconsfield, UK). The intra-assay CV for insulin was <10%. The HOMA-IR calculated score is a well established epidemiological tool validated against direct assessments of insulin sensitivity obtained by euglycaemic glucose clamp techniques [35] . Microalbuminuria was defined as a urine albumin:creatinine ratio in a random sample of more than 2.5 mg/mmol in men and 3.5 mg/mmol in women [36] . Estimated mean arterial pressure (MAP) was calculated by adding diastolic and one-third pulse pressure (systolic minus diastolic) measurements recorded during the cf PWV session.
Power calculation and statistical analysis The study was powered to determine differences between IGR and DM as well as subgroup categories of IGR. A minimum of 202 (101 per group) participants were required to demonstrate a clinically significant cf PWV difference (>0.8 m/s) between IGR and DM groups at 80% power and (two-tailed) α= 0.05, based on a conservative estimated dependent variable standard deviation of 2.5 [3] . From the data available (using brachial-ankle PWV), 90 (45 per group) participants were required for similar IFG and IGT comparisons (80% power, α=0.05, cf PWV SD=1.5) [37] . Data were analysed using SPSS software (IBM SPSS ver16, Chicago, IL, USA) and assessed using the Kolmogorov-Smirnov test. Data were checked for normality and appropriate transformations made where necessary. Normally distributed continuous data were compared by ANOVA or Student's independent t test and categorical data were analysed using the χ 2 test to determine univariate differences between the cohorts. Adjusted linear regression models were constructed to assess the influence of glucose indices and HOMA-IR as independent predictors of cf PWV. Variables selected for multivariate regression were based on univariate analysis and factors known to be associated with arterial stiffness (e.g. including classical risk factors for cardiovascular disease [CVD]). Age was added to the model as both a continuous and a grouped variable (quartiles) because of concerns about the non-linear relationship between senescence and cf PWV. The significance level was set at p<0.05. Data are presented as mean±SE, percentages, counts or ratios, and all tests were two-tailed.
Results
cf PWV measurements Overall, 84% of those participating in ADDITION-Leicester also consented for the arterial measurement substudy. As it was impossible to offer everybody a cf PWV appointment within the study timeframe, an eligible population was randomly selected to provide an adequately powered age-and sex-matched sample evenly distributed among the NGM, IGR and DM categories. Operators were blind to this process and participants were specifically asked not to reveal the results of screening prior to the completion of vascular tests. The resulting cf PWV measurements were then returned to the independent researcher and matched to glucose data. Ninety-two per cent of waveform sequences were considered of sufficient quality for inclusion, with recognised limitations of the cf PWV technique accounting for most of the discounted cases. Thirty-eight participants were excluded because of morphological variability of waveform capture (n=22), electrocardiographic rhythm disturbance (frequent ventricular ectopic activity, extreme HR variability or atrial fibrillation; n=12) or BP instability (n=4). As there are technical difficulties with waveform acquisition related to BMI, obese (BMI > 30 kg/m 2 ) individuals were unsurprisingly over-represented in the excluded group (n=15). The proportion of DM cases within this group was similar to that in the study population.
Baseline characteristics Glucose comparisons are presented as both categorical (WHO-based [34] ) and continuous data. Table 1 describes the biochemical and anthropometric characteristics of the selected NGM (n= 176), IGT (n=142), IFG (n=47), IFG/IGT (n=30) and DM (n=175) groups of the cf PWV study population. As there were no significant differences in baseline characteristics between IGT and IFG, for clarity these are pooled as an IGR (n=219) composite term. These descriptions were comparable to the screened ADDITION-Leicester cohort when grouped using the same diagnostic thresholds (data not presented).
The NGM, IGR and DM groups were well matched, with predictable differences in glucose, lipid and anthropometric variables. Despite more frequent use of antihypertensive therapy brachial systolic pressures were higher in both the IGR and the DM group. There were no significant differences in the nature of the antihypertensive agent prescribed; angiotensin-converting enzyme-inhibitors/angiotensin receptor blockers were used most frequently (57%), followed by diuretics (43%), beta blockers (41%) and calcium channel antagonists (28%; p for trend=0.47, 0.78 and 0.88 for NGM, IGR and DM respectively).
Glucose comparisons Thoraco-abdominal aortic stiffness, as determined by non-invasive cf PWV, increased with deteriorating glucose metabolism after adjustment for age, MAP, self-reported CVD, sex, BMI, heart rate and antihypertensive therapy. Significant differences were observed between the NGM and IGR categories (adjusted mean±SE; cf PWV 9.15±0.12 vs 9.76±0.11 m/s respectively, p≤0.001) and between the NGM and DM categories (9.15±0.12 vs DM 9.89±0.22 m/s respectively, p<0.001; Table 1 , Fig. 1a) . This relationship was maintained after stratification of IGR into WHO-defined impaired fasting (IFG, 9.71 ± 0.12 m/s, p = 0.006 vs NGM) and postchallenge (IGT 9.82±0.24 m/s, p=0.002 vs NGM) hyperglycaemic categories. There was no significant difference in mean cf PWV between IGR and DM ( Fig. 1a; p=0.8 ). Mean adjusted cf PWV was significantly elevated within isolated FPG (FPG abnormality alone 9.77±0.12 m/s vs NGM 9.15± 0.12 m/s, p<0.001) and 2-HPG (2-HPG abnormality alone 9.95±0.22 m/s vs NGM 9.15±0.12 m/s, p<0.001) hyperglycaemic categories (Fig. 1b) .
Linear regression analyses Univariate analyses were performed to determine the strength of correlations of cf PWV with FPG, 2-HPG, HOMA-IR and a range of other variables ( To control the number of covariates entered and limit the effects of collinearity, we constructed three multivariate models to assess the correlations of cf PWV with FPG, 2-HPG, HbA 1c and HOMA-IR after adjustment for other factors (Table 3) . Model 1 included FPG, 2-HPG glucose or HOMA-IR index, age, MAP, self-reported CVD, sex, BMI, HR and antihypertensive therapy. Lipid-lowering therapy and microalbuminuria were added in place of antihypertensive therapy as independent variables in models 2 and 3 respectively. The strongest positive predictors of cf PWV in all three multivariate models were age, MAP, sex and HR (standardised β coefficients in the FPG analysis were 0.57, 0.22, 0.15 and 0.15 respectively; all p≤0.01). All three models demonstrated strong relationships between cf PWV and FPG (model 1, β=0.09; model 2, β=0.09; model 3, β= 0.10; all p<0.01), 2-HPG (all three models, β=0.14 p< 0.001) and HOMA-IR (model 1, β=0.15; model 2, β=0.16; model 3, β=0.20; all p<0.001). The strengths (as measured by standardised β coefficients) of 2-HPG and HOMA-IR associations were comparable to those of directly measured haemodynamic covariates (MAP and HR). Multivariate regression within age quartiles made little difference to the contributions of glucose indices to linear and non-linear models (data not shown).
Conclusion
The results of this study add to the body of evidence advancing premature arteriosclerosis as an important and readily detectable vasculopathic mechanism in latent DM and IGR. Undiagnosed common metabolic diseases that are clinically characterised by fasting or post-challenge hyperglycaemia are often associated with significant thoraco-abdominal aortic stiffness. We found that dichotomising FPG and 2-HPG data into normal and abnormal glucose categories resulted in similar evidence of premature conduit artery stiffness in both isolated fasting and post-challenge hyperglycaemic groups.
Importantly, this study also demonstrates a strong relationship between glucose concentration and arterial stiffening independent of other known risk factors for premature vascular disease. It appears that the structural integrity of the vascular wall is determined by a number of diverse and potentially modifiable pathogenic mechanisms. Impaired glucose regulation, characterised in particular by post-challenge hyperglycaemia and insulin resistance, is a readily treatable example of an alternative pathway promoting large artery stiffness.
All three indices contributed an additional 3-6% of the variance in cf PWV after adjustments for age and MAP, although 2 h post-challenge plasma glucose concentration was found to be a stronger independent predictor of cf PWV than fasting values. These results imply a dose effect, with a higher mean glucose concentration explaining the more significant contribution of postprandial glucose to cf PWV variance. Direct hyperglycaemia-related non-enzymatic glycation of matrix proteins, resulting in the accumulation of glycation end-products within the vessel wall, would provide an explanation for these observations [38, 39] . It is also plausible that insulin resistance syndromes are characterised by abnormalities in the physiological properties of insulin, which normally preserve arterial wave reflections and central haemodynamics [24] . In this population, 2-HPG and HOMA-IR may reflect pro-inflammatory signals induced by visceral fat that alter insulin function and possibly the structural integrity of the vascular wall [40] . We did not attempt to quantify the relative contribution of wave reflections to elevated cf PWV, although we recognise that this may be an important determinant of central haemodynamic dysfunction in insulin-resistant states.
The choice of antihypertensive therapy, lipid-lowering or microalbuminuria made little difference to the associations of metabolic factors with arterial stiffness in multivariate analysis, reinforcing the theory that glucose concentration influences cf PWV via mechanisms independent of the actions of statins and antihypertensive agents.
As has been reported previously, increased cf PWV in latent asymptomatic DM or even earlier in the pathogenesis of insulin resistance is an important pathophysiological finding [41] . Implied central artery stiffening and its attendant vascular consequences clearly develop well before conventionally diagnosed diabetes is manifest. Utilising data from prospective studies [3] , we estimate that individuals with latent IGR or type 2 diabetes have a 'vascular age' some 5.18 years in advance of chronologically matched counterparts with NGM. Until vascular outcome data are available from randomised controlled trials of screened cases, surrogate indices of atherosclerosis could reliably inform screening strategy. In order to prevent macrovascular complications, our data suggest early identification and intervention in the IGR range is advisable. Mean cf PWV in this group was indistinguishable from that in newly diagnosed type 2 diabetes cases. The screening method used will presumably need to reflect the effects that both fasting and post-challenge hyperglycaemia within this range have upon vascular stiffening.
The ADDITION-Leicester cf PWV substudy is one of the largest cross-sectional analyses of central artery stiffness conducted within fasting and post-challenge glucoseintolerant states. The study population is tagged for cardiovascular outcome and glycaemic status, which is comprehensively described by universal OGTT testing. Accepted measurements adhere to strict standards; the use [26] , which reported a synergistic effect of serum glucose and triacylglycerol concentrations on stiffness measures. Statin therapy in particular has been shown to attenuate cf PWV and markers of inflammation in diabetic and non-diabetic populations [6, 42] . It is plausible that hyperlipidaemia and foam-cell-driven plaque formation may affect vascular wall integrity at a later stage in the pathogenic process.
The independent yet relatively minor contributions of glucose indices to cf PWV variance correspond with previous studies [14] [15] [16] and are predictable given the nature of variables entered into the multivariate analysis. Ageing inevitably dominates determinants of haemodynamic structure and function because of its profound effects on vascular wall integrity, rheology and central aortic pressure. Concerted efforts to recruit a matched study population will have reduced the impact of this variable but it remained necessary to adjust for its effects in multivariate modelling. When the contributions of irreversible determinants of cf PWV are considered, potentially modifiable glucose-specific effects become more relevant.
Our study population was relatively young (mean age 59 years) and overtly healthy, which will reduce potential selection bias resulting from the death of older diabetic individuals with particularly stiff arteries, but conversely may make extrapolation of the results to older, higher-risk populations problematic.
Other recognised limitations of the study include potential inaccuracies of waveform acquisition and estimated carotid-femoral distance in overweight individuals. These factors, together with the accepted higher prevalence of ectopic activity, arrhythmia and extreme HR variability in people with type 2 diabetes may have resulted in unavoidable selection bias. The group excluded because of poor waveform concordance did not have a significantly higher waist circumference compared with the study population, suggesting that abdominal obesity per se was not a major confounding influence in cf PWV acquisition.
Although the method of assessing surface travel distance is important when non-invasively determined cf PWV is compared with absolute invasive estimates [43] , consistently obtained population comparisons remain valid. We deliberately included BMI in regression modelling despite its clear relationship with diabetes in order to demonstrate the independent effects of glucose indices on cf PWV. Individuals with unacceptable waveforms attributable to irregular chronotropic activity were evenly distributed across the glycaemic spectrum, and conceivably reflect favourable cardiac function in 'early' diabetes.
Our study was limited by its observational design, which does not enable us to draw conclusions about causal relationships. We are therefore limited to speculating on the importance of cross-sectional independent associations. It is part of the natural course of glucose disorders to develop simultaneous fasting and postprandial hyperglycaemia; this, in combination with a clinical indication to intervene once diabetes thresholds are reached, would make the implementation and interpretation of a prospective comparison extremely difficult. The clearly complex interactions of FPG, 2-HPG and insulin resistance and the demonstrated independent contributions of these indices to subclinical arterial change would probably necessitate a prohibitively large sample size.
These data provide evidence of significant central artery stiffness in impaired glucose metabolism, characterised in particular by post-challenge hyperglycaemia. As measures of arterial compliance have been shown to have prognostic importance in people with established type 2 diabetes, the significance of this relationship in individuals at earlier stages of metabolic disease is clear. Demonstration of prediabetes glucose-and hypertension-mediated macrovascular damage via accelerated senescence is mechanistically plausible and requires further investigation, preferably with intervention studies aimed at ameliorating arterial stiffness. This hypothesis is supported by recent vascular outcome studies in type 2 diabetes implying that glucose lowering may only be effective if introduced early in the natural history of the disease [44] . In this representative glucose treatment-naive population, post-challenge glucose concentration and HOMA-IR were more powerful predictors of arterial stiffness than fasting measures, implying that hyperglycaemic excursion or central obesity-induced insulin resistance are particularly important determinants of vascular wall sclerosis.
